Objectives-31 railway workers and 32 lumberjacks were examined to compare the dose-response relation between the exposure to two types of hand-arm vibration and the sensory disturbances in peripheral nerves as evaluated by the vibration perception thresholds (VPTs). Methods-Clinical examinations were carried out that included measurements of the VPTs, and electroneuromyography (ENMG), and an inquiry to confirm the use of vibrating tools. Diseases of the central nervous system and neuropathies were checked by inquiry and a clinical examination, diabetes was excluded by a blood sample analysis, and the subjects with carpal tunnel syndrome confirmed with ENMG were excluded from the study. Results-Lifetime use of hand held tamping machines (railway workers) and chain saws (lumberjacks) had a significant correlation with the VPTs at frequencies from 32 to 500 Hz. The increase of the VPTs (250 Hz) in relation to use of vibrating tools was 1-8-fold higher on average in the whole group and 2*3-fold higher in the young (<45) railway workers who had used hand held tamping machines, than in the corresponding groups of lumberjacks, who had used chain saws, whereas the frequency weighted acceleration of vibration in tamping machines was fourfold. Conclusion-There was a significant dose-response relation between the exposure to hand-arm vibration and the VPTs. The VPTs as a function of the frequency weighted acceleration of vibration and the exposure to vibration gave promising results for assessment of the risk of damage to sensory nerves induced by vibration.
Several papers published over the past few years have indicated that the vibration perception threshold (VPT) is a useful measure to examine sensory nerve damage induced by vibration in workers exposed to hand-arm vibration.l 4 An impairment in perception of vibration seems to be an early sign of nerve injury.5 6According to the previous studies, hand-arm vibration first disturbs the high frequencies of the VPTs.' 2 7 This indicates disturbances in the fast adapting II fibres and Pacinian corpuscles,8 although damage later seems also to spread to the low-frequency area, which indicates further disturbances in the slow adapting I and fast adapting I fibres and in Meisner's corpuscles.9 Impairment of the sense of vibration has also been long used in clinical neurology as an indicator of peripheral neuropathy, '12 and it has even been recommended for use in screening. 13 Apart from exposure to vibration, other factors also influence the VPT. For example, the VPTs are age dependent,14 the height of the subjects should be taken into account, because taller subjects have higher VPTs than shorter ones,'2 ' and the VPTs have been reported to be slightly higher in physical than in mental work.'3 Also, diseases affecting the central nervous system'6 and neuropathies17 such as diabetes"2 and the carpal tunnel syndrome'8 disturb sensory nerve function, and the temperature of the skin has an effect on the VPTs. 19 Until now there is only scant knowledge available on the dose-response relation between the exposure to various vibrating tools and sensory nerve damage. The aim of this study was, firstly, to compare the disturbances in the peripheral sensory nerves caused by two types of vibration with the VPTs as an indicator and, secondly, to examine the relation between the exposure to vibration expressed as a frequency weighted acceleration of vibration20 and the VPTs.
Material and methods

SUBJECTS
The study population consisted of 70 workers exposed to hand-arm vibrations-37 railway workers and 33 lumberjacks. Clinical examinations including measurements of the VPTs, electroneuromyography (ENMG) , and an inquiry to confirm the use of vibrating tools were carried out. On the bases of the clinical findings, seven subjects were excluded: two railway workers had signs of polyneuropathy in the ENMG measurements and four railway workers and one lumberjack had findings indicative of carpal tunnel syndromeTinell's test and Phalen's test were positive and the ENMG measurements of the median nerve were considered indicative of CTS.
In the final study group, the railway workers (n = 31) were two years older, 2 cm taller, and slightly heavier than the lumberjacks (n = 32, table 1). A history of an attack of white finger was reported by 45% of the railway workers and 38% of the lumberjacks. According to the inquiry and the clinical assessment, the subjects did not have any diseases of the central nervous system or other neurological diseases, and none had diabetes confirmed by an analysis of blood samples. The subjects had not been exposed to industrial neurotoxic agents. The exposure to hand-arm vibration was caused by hand held tamping machines in the railway workers and by chain saws in the lumberjacks. The frequency weighted acceleration of hand-arm vibration according to the international standard ISO 534920 has been found to be 2-4 m/s2 in chain saws2' and 10-14 m/s2 on the handlebars of hand held tamping machines.2223 The railway workers (n = 31) had worked for an average of 16 years and the lumberjacks (n = 32) for 20 years.
Both occupational groups were asked in an inquiry about their exposure time by the same methods. "What kind of vibrating tools have you used? How many years have you used them? How many hours have you used them per year?" The exposure time was calculated with self estimated annual use of vibrating tools and vehicles (hours) and number of years of exposure to vibration. The mean (SD) total duration of exposure to vibration was 8050 (3500) hours among the railway workers and 21 250 (10 950) hours among the lumberjacks. In the group of railway workers 95% of the exposure was caused by tamping machines and in the group of lumberjacks 98% of the exposure was caused by chain saws.
METHODS
The VPTs were measured with the modified Bruel and Kjaer's equipment described in previous studies,7 24 with the limits technique method. The vibration exciter was regulated by a sine generator and the vibration was measured by an accelerometer inserted Table 2 Relation between estimates of the effects of total duration of exposure to vibration of hand held tamping machines (BR, railway workers) and chain saws (BL, lumberjacks) on the vibration perception thresholds (VPT) and corresponding P values from linear regression analysis between the exciter and the vibrating head (diameter 2-6 mm). A beam balance controlled the force (0-20 N), which was used to stabilise the contact force of the vibrating head on the skin of a finger. Duration of vibrating tools (h) Figure 3 Vibration perception thresholds (VPTs, dB) at the frequency of 250 Hz in the workers <45 years old as a function of the duration ofuse ofvibrating tools and the frequency weighted acceleration ofvibration in the railway workers (12 mls') and the lumberjacks (3 mls').
whole study group and in the two age groups for both the occupations. The subjects older than the median of age (45) were included in one age group and the younger ones in the other.
Results
The total duration of exposure to hand-arm vibration had a significant linear correlation with the VPTs on a logarithmic (dB) scale in all the railway workers (r = 0 55-0 47, P = 0 017-0 001) and all the lumberjacks (r = 0-77-0 59, P = 0-003-00001) at all frequencies, expect at 16 Hz in the railway workers. According to the regression equations between the VPTs and the duration of use of vibrating tools, the increase of the VPTs in relation to the use of vibrating tools was 1 6-2 1 times stronger for hand held tamping machines than chain saws (table 2, figs 1 and 2).
The results were also analysed in the two age groups. In the group of workers <45 years old (17 railway workers and 15 lumberjacks) a The VPTs increased significantly in relation to the total duration of exposure to hand-arm vibration in both occupations, and the use of hand held tamping machines affected the VPTs more strongly than did the use of chain saws. The frequency weighted acceleration of vibration20 in the hand held tamping machines was fourfold that in the chain saws, and the increase of the VPTs in relation to use of vibrating tools was 1 8-fold in the whole group of railway workers and 2-3-fold in those <45 years old compared with the lumberjacks at 250 Hz, at which frequency the effect of vibration on the VPTs was maximal. It is not known whether the frequency weighted acceleration of vibration adequately indicates a disturbance in peripheral nerves. For instance, this weighting system may underestimate the risk of white finger caused by high frequency vibration.26 Here, the effect of frequency weighted acceleration of vibration seems to behave logically, but as there were only two types of vibration included in the comparison, more evidence is needed to confirm this finding. The distributions of age were similar in the two occupational groups, and the mean ages differed only by two years. Unfortunately, a correlation between age and exposure to vibration was different in the railway workers and lumberjacks and that made it difficult to interpret the results of multiple regression analysis (exposure and age). Therefore, the results were also calculated in the two age groups. In the whole group and in the group of young workers there was a significant connection between the exposure to vibration and the VPTs in both occupations. The relation between the exposure to vibration and the VPTs differed only slightly in these groups. Although the number of subjects was small in the younger age group, their result implied that age of the subjects did not seriously interfere with the findings in the whole group. In the group of older workers a deviation of the The question on duration of exposure was asked in the same way for both the occupational groups.
Both of the occupations examined involved heavy manual work, but there was a difference in the periods of exposure to vibration. The lumberjacks had used chain saws almost every working day for more than 1000 hours a year.
Correspondingly, the railway workers had used hand held tamping machines for about 500 hours a year in shorter periods. It is believed that long continuous exposure may be more harmful, at least as far as vibration white finger is concerned.27 Not very much is known about the influence of intermittent exposure to vibration on damage to nerves. There are also differences in the vibration spectra: the peak values for hand held tamping machines range within 40-60 Hz21 and those for chain saws within 120-150 Hz.2' It is suggested that the frequencies of 250-350 Hz and possibly higher may be the most harmful to nerves.' 28 Both differences in the annual duration of exposure and the spectrum of vibration may influence the results and probably increase the effect of the use of chain saws on the VPTs.
The distribution of height of the workers was similar in the two occupations and it was not likely that the effect of height'2 could have significantly biased the results on the VPTs. Other important factors that affected the VPTs were examined in the clinical study. Diseases of the central nervous system and neuropathies were checked with an inquiry and a clinical examination, diabetes was excluded by a blood sample analysis, and the subjects with carpal tunnel syndrome, confirmed with ENMG, were excluded from the study. This measuring system with the modified Bruel and Kjaer's equipment has been used in many Finnish vibration studies.72425
The principle of our measuring method is the same as in the commercial Bruel and Kjaer's equipment (Vibrometry System type 9627) and it is not likely that the finding (relation between the exposure to vibration and VPTs) should be perceived only by our method. The VPT values are not directly comparable, because in our study the thresholds were measured only when the acceleration of vibration was increased (upper threshold), whereas in the system of Bruel and Kjaer the area of vibration perception (upper and lower threshold) is measured and the mean value of the VPT is used. The method of measuring VPT is non-invasive and easy to carry out, but good cooperation with the subjects and a training period before measurement is necessary.29 The VPTs are also dependent upon temperature. '9 The skin temperature of the finger was therefore controlled, and the hands were warmed up whenever necessary.
Conclusion
The results showed a dose-response relation between the exposure to hand-arm vibration and the VPTs. Neural disturbances measured with VPT may be related to the acceleration of vibration. In our study the frequency weighted acceleration of vibration in the hand held tamping machines was fourfold that in the chain saws, and the increase of the VPTs in relation to the use of vibrating tools in the group of railway workers was about twofold that in the lumberjacks. The VPTs as a function of the frequency weighted acceleration of vibration and the exposure to vibration gave promising results for assessment of the risk of damage to sensory nerves induced by vibration.
